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Outline of the talk

Fermi surface vs Fermi points: Dirac-like excitations in strongly
correlated fermion systems;

~Interacting quasiparticles and subdominant order parameters in layered
d-wave superconductors;

(De)localization theory for disordered Dirac fermions;

Experimental signatures of quasiparticle localization in high-Tc
- cuprates .



Dirac fermions in condensed matter physics

» Effective description of statistical (d+0-dimensional) systems:
Ising model, random magnetic field, network models of Quantum Hall
plateau transitions;

* Low- energy excitations in dynamical (d+1- d1mens1ona1) systems:

layered d-wave superconductors (high-Tc cuprates)

p-wave superconductors/superﬂulds ( He3-A);
semimetals (graphite);
dichalcogenides (2H-TaSe2,..).



Fermi liquids vs. Dirac fermions

Fermi surface: “ Isolated Fermi pomts
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Quasiparticles in planar d-wave superconductors

. Gor’kov-Nambﬁ ’épi'nors and BdG Hamiltonian: ?r Y 4 Px
L = F > i —» '{
k(JF" ¢ et H Z q/”"‘ (A "§P> P o |
b(f ._.P@ 3,2 P ? “ |
=N ~ 2 q s
 Lattice dispersion and gap function: | 5& -%
; , | |
53 = - 2t(cos pxtcof Py) +-.. Ap = Ap+ilap i ',_Wma.:g |
* Low-energy gps: - = Ao(c«s/’x “605/97) £’;= V3o +Ap
L= 22
Hoe ¥ (GfSs+vpro+ ALYt + = on
_-L -»
/ l/ - "—'—'P
%("}:Pyé? V/"xojf-f'A’é)% £ T 2P
%’5 ~ /o+~20
« QP interactions (screened Coulomb, AFM fluctuations): ~

oo —

(D.Scalapino et al,’94)

Imz‘.'—Ei w~'\') o~ T34( |

T Tr( 1) ~ e(w-\/f) [ FS: Tall~ 86[{*(0)‘



Possible quantum-critical behavior in cuprates

Vo | . _ . -1 .
. QP lifetime from experiment (ARPES, optical conductivity): [ T(T) ~ [ ]

T1%

Quantum-critical regime:

|5-5.["¢ £ <4

. Competing ground states and qp scattering off the fluctuations of the
corresponding order parameters (S.Sachdev et al, "00):

secondary pairing - fully gapped qp spectrum ( is, idxy );
shifted nodes (s, dxy, ig); excitonic order (p, dxy ).

Plausible options: ol —>,/ ., +¢ S (T-odd, P-even)
2 .
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Nodal qps near second pairing transition

 Incipient order parameter fluctuations:
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Strong-co,upling infrared fixed-point (q)
- £ expansioﬁ in d=3-£ (S.Sachdev et al,00): =
\Pr*é. qqf ~ & , U~ E ‘é‘

. Spontaneous chiral symmetry breaking (DVK and J.Paaske, '00):
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Figure 5 The spontaneous (at zero field) splitting of the zero bias conductance peak

versus [A,,,ax-A]” 2

(circles) for doping ranging from slightly underdoped (T/~83.6K

down §et) to slightly overdoped (T=85.6K down set) . [AmarA] 2 is a quantity

proportional to the doping level (see text). Triangles: the inverse susceptibility
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same samples. The upper bound of ¥ for the sample With (Ana-A)=0 is 0.08[mV/TT™.

Solid lines: linear fits for both the underdoped and -overdoped ranges. The lines

extrapolate to zero at the same doping level where the spontaneous splitting appears.

Dashed line linear fit for &0) on the-overdoped side. -Inset: 2A/kT.w for the samples
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Dirac fermion spectral function
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Disordered Fermi liquids

+  Symmetries of the single-particle
Hamiltonian: SU(2) and T

« Three Gaussian ensembles:

Orthogonal (SUQR) & T) > WLin2d dbd _ 4,
(potential impurity scattering); PURR

Unitary (no T ) =2 “even weaker” WL in 2d /Z,é c A2 — é Ly f=vT
(magnetic field or spin-flip); A4l 5

Simplectic (no SU(2) )-=> “antl”locahzatlon ﬁ/% = d-%
o ,

(spin-orbit scattering) ;

* Single-particle DOS remains largely intact;

1

C 1 = £w+b?1+ ’C;,
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Disordered Dirac fermions in d-wave superconductors

« Extra Hamiltonian symmetry: p-h transformation,
Novel coherence phenomena: impurity scattering + Andreev reflection,;
«  Energy and spin, but no charge, diffusion:

N 2,0+ 7. T:40 J "‘“7‘2{ _
h+v = KR, =€V 7T )6{5_
— —> —> g’j d
2,8+ V. T = Ji=-6¢g V H ~
« Seven new umversality classes (4ltland, Zirnbauer, 97) ‘7 /r

(different patterns of SU(2) and T — breaking);

« Strong dependence on the type of disorder ;

« Single-particle DOS is affected by disorder;

« Self-consistent Born approximation (P.4.Lee, '93)

e “Universal” limit:

"~ ¥
L vp/oc‘?x
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FIG. 1. ga-axis thermal conductivity of the two YBa,Cu;0,
crystals, one superconducting (y = 6.9; circles) and one insu-
lating (y = 6.0; triangles). Main panel: «/T vs T?; lines are
fits to a + bT? for T < 0.15 K. Inset: /T vs T.
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~ Beyond SCBA: diffusive regime

NL d M .? P (I.Gornyi, DVK, and A.Yashenkin’00)
pokential

«  T-matrix: 3 x v | >
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« Standard and novel diffusion modes: + 53 6>3x23 (GL)
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« DOS correction from the C — cooperon:




Lattice d-wave superconductor near half-filling : yvet another discrete
| symimetry

« Additional doubling of the number of Goldstone diffusion modes
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Interaction effects in dirty d-wave superconductors

(DVK and A. Yashenkin, 00)

Vertex corrections:
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(De)localization properties of random Dirac fermions

» Isotropic impurity scattering (short-range disorder) (M.P.A.Fisher et al, '98)
V(@) ~ (@] ss (M= 0

T->o0

* Orbital magnetic field alone doesn’t kill WL (but Zeeman field does) —

[cf.: metallic Q-dot boundered by a superconductor in magnetic field] Jlis h
5 _ |
@ ~ l6l” &l 2 =
y(w) |wl s (T_w o

* Predominantly forward scattering (smooth disorder) (4. Tsvelik et al, '94) 4

Je) ~ (w0l o= L (Amn) <4 /

 Imputities in unitarity limit (binary alloy) (K.Pepin and P.A.Lee, *98)
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«  Spin-orbit scattering (7. Senthil et al’99)
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Experimental manifestations of different phases

Pure d -- “Thermal nsulator” phase:

Vanishing ge/ (

Tlrs,

Positive o P XK
oy, x(H) —> o AWL

Linear DOS Y (w) ~ /[ew/

d+is -- “Even weaker” localization: V(w) ~ ( w| z
. )

Axf w< Y

— Coust.
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Gapping of the nodal excitation spectrum

DOS tails

d+id’ -- “Thermal Quantum Hall” phase:
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Quantized
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-
Other possible experimental probes: spin injection/detection, tunneling, are 7‘)
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FIG. 1. The thermal Hall conductivity xgy vs. H in BZO-grown YBa;Cu3Og.ge (To = 89 K)

at high temperatures (85 to 40 K in Papel A), and low tempefé.tures (35 to 12.5 K in Pan«l B).
As T decreases below T, the initial slope ngy /B increases sharply. The prominent peak in sy
“below 55 K is a new feature in BZO-grown YBCO. Panel C compares the zero-field Kzz = k4 in

the BZO-grown crystal (solid circles) with a detwinned non-BZO grown crystal (open).
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Conclusions

The observed linear ftemperature dependence of the inverse qp lifetime
in the superconducting state of the high-Tc cuprates suggests a
possible quantum-critical behavior;

Ins1ghts from relativistic theories allow one to identify the nature of the
relevant QCP and its propertles

The qp interactions speciﬁc for #me this QCP do not necessarily alter
the (de)locahzatlon scenarios proposed for the non-interacting random
Dirac fermions;

Experimental signatures of the conjectured QCP and associated effects
of disorder can, in principle, be found in ARPES, tunneling, specific
heat, and thermal/spin transport.



